A B S T R A C T In six normal upright subjects, a 100 ml bolus-composed of equal parts of neon, carbon monoxide, and acetylene (Ne, CO, and C2H2)-was inspired from either residual volume (RV) or functional residual capacity (FRC) during a slow inspiration from RV to total lung capacity (TLC Thus, a more generalized unevenness of these ratios must exist throughout the lung, independent of gravitation.
INTRODUCTION
Because of gravity, blood flow per unit lung volume (OC/VA) is greater in the lung base than in the apex of normal upright man. There is an approximately linear increase in bC/VA with respect to the distance down the lung from apex to base (1, 2) , and a similar but less marked vertical gradient for ventilation with respect to lung volume (VA/VA) (2) . Forster, Fowler, Bates, and Van Lingen (3) and Burrows, Niden, Mittman, Talley, and Barclay (4) have concluded that diffusing capacity per unit of alveolar volume (DL/VA) is not uniformly distributed in the lung; but how much of this nonuniformity is due to vertical gradients of DL/VA is not known. West, Holland, Dollery, and Matthews (5) reported faster clearance rates of inhaled radioactive carbon monoxide from the lung base than from the apex, but the CO clearance rates were dependent upon both regional blood flow and DL/VA making the interpretation of their data uncertain. There has been no good way to relate the unevenness of DL/VA to the gravitational distribution of blood flow.
Lobar spirometry (6) The present study employs a similar technique using smaller volumes of test gas and slower rates of inspiration in order to more efficiently localize the test gas mixture to apical or basal lung regions (9, 10) . Bolieach containing equal parts of carbon monoxide, acetylene, and neon (CO, C2H2, Ne)-were introduced at the beginning of a slow inspiration from residual volume (RV) to total lung capacity (TLC), or at functional residual capacity (FRC) during a similar maneuver. Disappearance rates of CO and C2H2 relative to Ne were measured after these two maneuvers. Both CO and C2H2 disappearances were faster when the bolus was introduced at FRC. A lung model has been constructed to show the vertical distribution of diffusing capacity and pulmonary capillary blood flow which would be necessary to explain the observed differences in the disappearance rates.
METHODS
The subjects were six healthy, nonsmoking males trained in respiratory maneuvers. The age, weight, body height, vertical lung height, and TLC of these subjects are shown in Table I . Displaceable lung volumes were determined by spirometry. FRC was measured by body plethysmography. Lung height was measured from X rays (72 in) taken at full inspiration as the distance between the lung apex and the costophrenic angles.
Topographical distribution of a bolus of gas introduced during a slow inhalation. In each subject, the vertical distribution in the lung of a 50 ml, 1 mCi bolus of 133Xe was determined after rapid injection of the bolus either at FRC or RV during a slow (0.4-0.6 liter/s) inspiration from RV to TLC with the subject sitting upright. Four probes with 14-in diameter sodium-iodide crystals, photomultiplier tubes, and 6-in long cylindrical lead collimators were spaced at 6-to 6.5-cm intervals against the right posterior chest wall. The outputs from the photomultiplier tubes were fed through appropriate discriminating and amplifying circuits, and the count rates recorded on a multichannel Honeywell visicorder (Honeywell, Inc., Test Instruments Div., Denver, Colo.). The lu3Xe bolus was alternately introduced at RV or FRC, and count rates were obtained 20 s after full inspiration was reached. This was followed by rebreathing into a shielded polyvinyl chloride bag until the count rates from each probe were constant, and they were recorded at TLC. The distribution of '33Xe boli is shown for each subject in the upper two panels of Fig. 1 '-M. - L.
x RkS.
BOLUS AT FRC In five subjects, the relative distribution of blood flow at TLC, with respect to lung volume from apex to base, was obtained from regional count rates after the injection of 1 mCi of 133Xe dissolved in saline into the superior vena cava, after the method of Bryan et al. (16) .
Lung model. In order to estimate the quantitative significance of our results, we have assumed a range of lung models having different linear distributions of DL/VA and Qc/VA from apex to base (Fig. 2 ). For each model, the differences expected between the measurements of DL/VA or QC/VA after RV and FRC boli of test gas can be calculated if the following are known: (a) the distribution of the bolus from apex to base; (b) the corresponding distribution of regional lung volume and (c) the fraction of the total expirate contributed by each region. The distribution of an inspired bolus was measured by the t33Xe technique as outlined earlier.
In order to estimate regional lung volumes, we have employed PA and lateral 6-ft chest roentgenograms taken at TLC. In these X rays, we have arbitrarily partitioned the thoracic cavity transversely with 10 hypothetical planes of equal vertical distance apart to form 9 lung slices stacked on top of each other from lung base to apex. We have assumed that each lung slice is an elliptical cylindroid (17) In order to obtain the alveolar volume (VAi) in each of the nine slices, it is necessary to similarly determine and subtract from V, the volume of the mediastinum and the volu-me of the heart or diaphragm which occupy each slice. The average results for the six subjects are shown with standard deviations in the lower panel of Fig. 1 . We have assumed that each of these lung regions empties in proportion to its own volume during rapid exhalation (18, 19) .
The apparent DL/VA which we would expect to measure if any one of the distributions shown in Fig. 2 
where it is assumed that during a fast exhalation, each region contributes to the exhalate in proportion to its initial volume at TLC (18, 19) , and where VA,/VA is the regional lung volume at TLC in slice i expressed as a fraction of the total lung volume at TLC and is obtained directly from the chest X ray as outlined above. (5) if regional DL remains fixed as the lung expands, so that DL/VA becomes progressively smaller during inspiration. In equations 4 and 5, Ri = the ratio of the count rate from region i after inspiring a bolus of '33Xe to the count rate from the same region after rebreathing; Vi = the volume in milliliters inspired from RV to TLC; (VI/VA)i = the volume inspired by each slice i with respect to the total lung volume; Vcoo = the volume in milliliters of CO in the inspired bolus; VA = the alveolar volume in milliliters at TLC; Vcoo/VA = the mean FACOO if inspiration had been instantaneous; tI = the time in minutes from bolus injection to full inspiration; (PB-47) = the barometric pressure minus H20 vapor pressure at 370C, (DL/VA)i = the assumed DL/VA in slice i according to the different models (Fig. 2) . Assuming a mean value for DL/VA, the bracketed term on the left in equation 4 represents the dilution of the inspired bolus. The exponent on the right represents the fractional disappearance of CO during inspiration. The derivation of equation 5 is shown in Appendix II. FIGURE 4 Disappearance curves for CO and C2H2 in one subject. The straight lines were fitted to the data by the method of least squares. The values for DL/VA and QC/VA are directly proportional respectively to the slopes of CO and C2H2 disappearances and are calculated from these slopes as described elsewhere (14) . 2 varies with the average DL/VA assumed for the entire lung. Based on the mean distribution of a bolus of test gas injected at RV or FRC after a slow inspiration to TLC (upper two panels of Fig. 1 ) and the mean distribution of lung volume from apex to base estimated from X rays (lower panel of Fig. 1 ), the calculated relationships between apparent DL/VA and various values for true mean DL/VA, for four of the six lung models in Fig. 2 , have been plotted (Fig. 3) . The vertical distribution (Fig. 2) of DL/VA which can best account for the measured values of DL/VA, obtained from RV and FRC boli, can then be determined by fitting these measured values to the graphical solutions of the models shown in Fig. 3 The slopes of the disappearances of CO and C2H2 were significantlyt greater when the bolus was given at FRC than at RV (Fig. 4) . Table II .)
The distributions of DL/VA and OC/VA which must exist (based on the linear models shown in Fig. 2 ) to best explain the mean experimental data are shown in Fig. 5 . There is a steep gradient for OC/VA increasing from apex to base and a gradient in the same direction though not as steep for DL/VA. In two subjects, A.P. and R.W., the bolus measurements were repeated while the subjects breathed 100% 02. The model distributions in Fig. 2 best fitting the 100% 02 data were the same as those fitting the air data in these two-subjects. The similar vertical gradient of DL/VA for air and 100% 02 suggests that both pulmonary capillary blood volume (Vc) and membrane diffusing capacity (DM) are similarly distributed from apex to base. The C2H2 bolus studies appear to show a slightly steeper distribution of bC/VA compared with regional '33Xe measurements of bc/VA (Fig. 6) ; nevertheless, the increase of OC/VA down the lung estimated by either the bolus or -33Xe method is steeper than that estimated for DL/VA by the bolus method.
DISCUSSION

Considerations of assumptions and possible errors
Changes in regional DL as the lung expands. As discussed in the methods section, interpretation of our results will vary somewhat, depending upon whether we assume that regional DL remains constant or increases as the lung expands. Single breath measurements of DLcO at different lung volumes suggest that the overall DLco increases as the lung expands (20) (21) (22) (23) ), but such observations of total DL may not be representative of what happens to regional DL during lung expansion. Regional DL may remain constant, whereas effective DL of the whole lung could progressively increase during lung expansion owing to the sequential way in which the lung fills-apical regions with a low DL expanding first, followed later by expansion of basal regions where DL is higher. Thus, there is no solid experimental basis for choosing which assumption is correct; fortunately, the range of error introduced into our calculations by choosing the wrong assumption is small (Fig. 3) FIGURE 7 Comparison of the vertical distribution of DL/VA best fitting the mean bolus data with the distribution of radioactive CO clearance done at midcapacity (5); and with the anatomically determined distribution of red blood cells (27 Comparison with data previously reported by others
Our data suggest that the decrease of DL/VA with distance above the lung base is slightly greater than that derived from the radioactive CO-clearance studies of XVest et al. (5), but is quite similar to the vertical distribution of red blood cells per unit of alveolar septum determined anatomically by Glazier, Hughes, Maloney, and \West (27) in dog lungs (Fig. 7) . Our bolus data also show a sharper decrease in QC/VA with distance up the lung than has been previously reported by regional perfusion studies with radioactive CO2 (5) or xenon (2, 16, 26) as well as with 133Xe in our own subjects (Fig. 6) . Perhaps the most likely source for the discrepancies in Fig. 6 lies in the interrelationship between the niXe measurements and the interpretation of the C2H2 bolus measurements. Owing to imperfect collimation and radiation scatter, the 133Xe method tends to underestimate differences in '33Xe concentrations between lung regions; therefore, the unevenness of bolus distribution between lung apex and base and the steepness of the OC/VA gradient down the lung tend to be underestimated by the radioactive gas techniques. On the other hand, if the '33Xe method underestimates the bolus separation between lung apex and lung base, we will, as a consequence, tend to overestimate the steepness of the OC/VA and DL/VA gradient down the lung from the CO, C2H2 bolus data. data since the errors inherent to the two methods are in opposite directions. There are two other possible sources which should be considered for the discrepancies between the u33Xe and the bolus measurements of the oc/VA gradient down the lung. (28, 29) for a significant gradient of ventilation and blood flow decreasing from center to periphery of the secondary lobule along the isogravity axis. This stratification theory of Read (28) is of interest since it is not taken into consideration in our vertical models.
Since there is evidence for a low QC/VA toward the periphery of the secondary lobule (28, 29) Relation to other measures of uneven distribution
Uneven DL! VA. In 1954, Forster and co-workers showed that during prolonged breath holding, the disappearance of CO from the alveoli was not consistent with a single exponential time constant. They concluded that the upward curvature of the lnFAco disappearance curve was most likely the result of uneven DL/VA ratios throughout the lung (3, 30) . A similar conclusion was arrived at by Burrows and co-workers using a CO washin-washout technique (4) . In order to determine to what extent the vertical unevenness of DL/VA estimated from our data migh explain the findings of Forster et al., we compared CO disappearance curves calculated assuming that DL/VA was distributed as predicted from the average bolus data, with the original CO disappearance curves of Forster et al.
. There is not sufficient vertical unevenness of DL/VA described by the model to fully explain the upward curvature of the CO disappearance curve measured by Forster (Fig. 8) . The discrepancy of our findings with those of Forster could be due to differences between subjects, the effect of an inadvertent Valsalva maneuver by Forster's subjects, or by the existence of more generalized unevenness of DL/VA ratios scattered throughout the lung independent of gravitational force. Burrows et al. (4) suggested that because of uneven distribution of diffusing capacity, the breath holding technique would slightly underestimate the true DL; Hyde, Rynes, Power, and Nairn (31) (31, 32) have indicated that the degree of unevenness in DL/Qc caused by these different vertical gradients is grossly insufficient to explain the observed discrepancies between DLo, and breath-holding DLCo at rest. A more generalized unevenness of red cell transit times throughout the lung must exist independent of gravitation.
APPENDIX I Derivation of Equation for Apparent DL/VA (Equation 2)
In each slice i of a nine slice model lung, the dilution of neon (Ne) inspired in the bolus is represented by the ratio (FANe/FINe)i, where (FANe/FINe)1 is the top slice, (FANe/FINe)2 the second slice, and so forth down to (FANe/FINe)9 representing the slice at the base of the luing. (FANe)i is the initial Ne fraction in slice i and is a different value for each slice in accordance with the different dilutions. FIN, represents the inspired Ne fraction which is the same for each slice. During exhalation at the end of breath holding, each slice i will contributeit fraction fi to the total exhalate collected after dead space washout. Thus, if the volume of the total exhalate from 80%6 TLC to RV is VE, the volume of Ne contributed to the exhaled sample from slice i will be fIVE(FANe)j, and the total volume of neon (VNe) in the exhalate will be as follows:
V.Ne= flVE (FANe) 1+ f2VE (FANe)2+* + f9VE (FANe) 9 =VE t fl (FAs--e)l+f2(FANe)2+* +fs(FANe)I9 (1 ) or in more compact form:
The fractional concentration of Ne is the composite exhalate (FANe) will be as follows: 
